Here we propose a region-recognition approach with iterative thresholding, which is adaptively tailored to extract the appropriate region or shape of spatial frequency. In order to justify the method, we tested it with different samples and imaging conditions (different objectives). We demonstrate that our method provides a useful method for rapid imaging of cellular dynamics in microfluidic and cell cultures.
INTRODUCTION
Phase contrast microscopy [1] enables the transformation of phase changes into intensity changes that allows clear observation of cellular boundaries, but remains a qualitative imaging tool. The emergence of quantitative phase imaging aims to extract information of specific optical height of biological samples. Holography [2] operates by projecting two equal copies of light into two separate paths, one undisturbed and the other perturbed (phase delay) by the sample or object. The two paths combine to reveal the amount of phase delay that is recorded on a photosensitive film. Phase delay represents the optical path length difference between the two copies of the beams, which is then used to retrieve the optical height of the object. Combining holography with microscopy and digital imaging devices, Digital holographic microscope (DHM) [3] records interference pattern that emerges from superposition of a reference wave front with that emerging from the microscopic sample. Both optical height and refractive index fluctuations are then used to quantify differences between biological samples [4, 5] . DHM has been utilized in many biological applications such as determination of cellular motility [6] , morphology [7] and biomechanics [8] . DHM heavily relies on numerical calculations to accurately reconstruct the phase of the biological sample. The numerical steps used in off-axis DHM technique include: discrete 2D Fourier transform, spatial frequency filtering [9] , numerical propagation, phase unwrapping and aberration correction [10] . To achieve high throughput diseases diagnosis, these numerical calculations should be programmed to be automated and adaptive to different sample and imaging conditions. The complexity lies in the spatial frequency filtering process. Since the distribution of spatial frequencies of different samples varies significantly, the filter window needs to change correspondingly for the precise extraction of the desired frequency orders (first orders). One straightforward filtering method for precise extraction is manually selecting the first order in spatial frequency domain. Obviously, this approach requires manual input for each hologram, which is therefore not suitable for automation. While there are some histogram analysis techniques [11, 12] aiming to provide adaptive filtering that still requires manual intervention unfortunately. Here we propose an adaptive filtering process based on iterative thresholding and region-based selection. This combination gradually selects the optimal frequency component boundary for different holograms, avoiding fixing a single thresholding level and without any subjective input. The method is shown to be automated and suitable for all standard experimental conditions i.e. field of view, sample density, orientation and spacing of interference fringes. Region-recognition is also used to extract quantitative phase measurements of biological red blood cells (RBCs) infected and uninfected with malaria parasite. All the processes are conducted in a single loop, which allows the continuous imaging and controlled use of the user interface. In the following sections, we explain the steps taken to implement the region recognition and iterative thresholding process as well as the sample classification of RBCs.
EXPERIMENT SETUP
Interference is the intensity pattern of two coherent waves' superposition. In DHM, the two waves are object wave (r, t) O v and reference wave R(r , t) v [Eq. (1) and (2)]. Hence the interference pattern is rewritten as Eq. (3).
where ω indicates the angular frequency of both waves and k r ⋅ r v indicates the dot product of wave vector k r ( two waves interfere with each other with same incident angle) and optical length r r . Most importantly, the phase delay ϕ derived from the sample (O) that is recorded as a shift in the intensity pattern, which descripts the optical height of the sample. In off-axis system, the sample and reference beams interfere at a slightly different angle θ creating two separate wave . The phase shifts are spatially separated in the frequency domain that makes it possible for single shot phase recovery and high speed imaging [13, 14] . 
REGION-RECOGNITION OF SPATIAL FREQUENCY
The spatial filtering process happens after fast Fourier transform (FFT) of the recorded hologram [ Fig. 2(a) ]. The phase shift is recorded in the spatial frequency on two symmetrical areas (+1 and -1 terms) in the frequency domain (FFT hologram) [ Fig. 2(b) ]. The shapes and sizes of these two symmetrical areas can vary according to different imaging conditions. First two columns in figure 4 give some examples that different samples and imaging conditions bring different symmetrical frequency components outlines. This implies that the frequency component needs to be carefully selected for accurate reconstruction. Here we propose an adaptive filtering process that is robust to all standard experimental conditions. The method is built upon an iterative thresholding and region-based selection. The procedures are broken down into 3 steps: (1) Apply global threshold level (GTL) [15] to the intensity of FFT hologram to get the binary image[ Fig. 2(c) ] and then implement the region recognition process of it (regionprops MATLAB is used to provide three properties i.e. size of objects, centroid of objects in binary image and the box boundaries; graythresh MATLAB is used to get the GTL). (2) Increase the threshold level by one percent of GTL and repeat the first step until the number of regions reaches three [ Fig. 2 (e)] (one for background intensity, one for the desired frequency component and one for the mirrored frequency component). (3) Use box boundary data from regionprops function and the binary image form first step to get the right frequency component boundary and use it as a filtering window (additional Gaussian function is applied to smooth the edge of final filtering window). Figure 2 shows an example of the adaptive filtering process. Figure 2(a) shows the recorded hologram of RBCs and Fig.  2(b) is the spatial frequency after FFT. Figures 2(c), (d) and (e) show the iterative threshold process with incremental threshold level. The processing time of this method is shown in Fig. 2(i) . Once the appropriate spatial frequency is selected and centered [ Fig. 2(g) ], an inverse FFT (iFFT) is performed to retrieve the complex amplitude of the sample, which can be seen from Fig. 2(h) . Since the phase map acquired from the recorded hologram is limited from −π to π, so called wrapped, the true continuous phase value corresponding to the optical height of cells needs to be unwrapped [16] . Then we apply Zernike polynomials to compensate the aberration [10] in the system. The only preset parameter in this process is the iterative threshold increment. To determine the proper iterative threshold increment, a highly scattering medium is prepared to test the filtering process. The sample [ Fig. 3 ] is prepared with 50 µm polymer microspheres (Duke Scientific) deposited onto a thin film of opaque peptide hydrogel (Fmoc-FRGDF). The peptide hydrogel has been widely used in thick cell growth culture for neuronal growth. The scattering sample generates additional spatial frequency content that "blurs" the boundaries and "extends" the dimensions of three spatial frequencies components [FIG. 3 . b]. That adds complexity to precise selection of first order frequency content for phase retrieval process. Figure 3 shows the sample schematic and different results under different threshold increments. From the results, the optimal increment is 1% of GTL, which is chosen as the preset iterative threshold increment in proposed filtering method. Figure 4 demonstrates the phase reconstruction process of different holograms when applying proposed filtering method. The figures have justified that the proposed adaptive filtering method has the ability automatically filtering out the proper frequency content from various holograms. 
CONCLUSION
DHM relies heavily on accurate execution of numerical processes to reconstruct the phase of the biological sample. While off-axis DHM technique is perhaps the fastest holographic imaging technique, the accurate filtering of the spatial frequency can affect the final reconstructed image. We demonstrated that the combination of region-recognition and iterative thresholding conducted in a single loop can aid in selecting the optimal spatial frequency components with marginal delay (~0.1 to 0.3s). More importantly, as compared with past techniques, we showed that this technique can operate well in a turbid system, thus providing potential flexibility for imaging cellular processes in thick cell culture [17] . In the next step, we will aim to conduct live cell imaging in confluent cell cultures.
